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INTRODUCTION
The goal of this Translational Research Partnership was to gather information on clinical outcomes and practices from several collaborating neurotrauma programs and synthesize this information to inform the development of relevant animal models of the dual diagnosis of Spinal Cord Injury (SCI) and Traumatic Brain Injury (TBI). These models are being used to identify improved therapeutic strategies that can be tested in the clinical setting. The process is meant to be iterative and interactive, producing a "community of practice and research."
The project links the Brain and Spinal Injury Center at the University of California, San Francisco (UCSF) with the Spinal Cord Injury and Brain Injury units at the Santa Clara Valley Medical Center (SCVMC) and the VA Palo Alto Health Care System (VAPAHCS).
During the project, a teleconferencing system was established to facilitate communication among the study sites, and all Investigators participated in a series of meetings which rotated between participating medical centers to develop clinical database search strategies and information dissemination during the project. The search strategies allowed us to synthesize a dual diagnosis database, which is reported in more detail below.
A dual injury model in rats was developed and initial drug testing was accomplished. It was learned that dual injuries produce complicated outcomes depending on the site of injury and that treatments that improve recovery after spinal cord injury do not necessarily promote recovery after brain injury.
BODY
In the text below, we have taken the Statement of Work as a template and detailed how each aim was completed and milestones accomplished.
Specific Aim 1: Develop community of practice and research and focus groups; and develop clinical database search strategy and dual diagnosis data Task 1: Continue development of community of practice and research and focus groups 1a. All Investigators' meetings The Principal and Partnering Investigators have continued to meet to develop the community of practice and research linking the basic scientists working on animal models of brain and spinal cord injury with the clinical scientists working with patients having spinal cord injuries and traumatic brain injuries. During the second year of the project, this community has continued to develop and has grown to include several new members. Face-to-face meetings have been held at the VAPAHCS and UCSF as described below. 1b. Teleconference set up Telephone and internet-based audio conferencing has been set up to facilitate collaboration and reduce the amount of time spent in traveling between institutions in different parts of the Bay Area. WebEx software has been used to allow multicast audio.
1c. Teleconferences Telephone conferences have been held twice a month on average (see KEY RESEARCH ACCOMPLISHMENTS).

Milestones:
Focus Groups (FG) have continued to be conducted at major national and international conferences. • American Spinal Injuries Association, Denver, Colorado 2012 Meeting of Drs. Beattie, McKenna and Creasey with Dr. Sukvinder Kalsi-Ryan who developed the Graded and Redefined Assessment of Strength, Sensibility and Prehension (GRASSP) for assessment of hand function, and Lisa Johansen, PhD, RPT, who is using it at VAPAHCS.
• International Spinal Cord Society, London, England, 2012
• Stanford Symposium on Regeneration, Repair and Restoration of Function after Spinal Cord Injury, November 16-17 2012.
• VAPAHCS SCI+TBI Research Forum meetings -March 16, 2012, and March 15, 2013 . Presentations by partnering PI, Graham Creasey (2012) and poster presentations describing consensus reports (Inoue et al., 2012 and Guandique et al., 2013) were also made.
Task 2: Develop clinical database search strategy
Developing a clinical database search strategy was accomplished in year one of the grant. Access to the databases and review of the charts continued during year two and into year 3. The information desired was difficult to obtain and it was necessary to establish and a number of approaches were used. Individual chart review, text mining software for content analysis, attempts to run principal component analysis, were all used to evaluate the records. The data available covered different time spans post-injury, so comparing details across the three sites was difficult. Reviews of individual patient charts to identify medications used at the time of initiation of rehabilitation and at the time of discharge from acute rehabilitation were done. These trends in medication use and discontinuation were provided to the animal model group in an effort to model clinical practice from the bedside to bench.
Task 3: Query Dual Diagnosis clinical database
The investigators obtained data from the SCI and the TBI Systems of Care at SCVMC, San Francisco General Hospital, and the SCI Service and the Polytrauma Center at VAPAHCS.
3a1. SCI and TBI Systems of Care at SCVMC
Patients who had undergone TBI rehabilitation at SCVMC between 1989 and 2010 were identified in the TBI Model Systems (TBIMS) National Database when the Form I (enrollment data) also indicated the presence of an SCI. The admission and discharge notes of patients (n=14) with combined TBI and SCI diagnosis were then extracted from the hospital records of SCVMC and text mined in detail. The text was parsed into a database that was designed to track the treatment and recovery of the patients throughout the time spent in the brain and spinal rehabilitation facility. Once the database was compiled, an initial comparison utilizing a word cloud analysis of admission and discharge notes was used to provide the first broad visualization of the database.
In this word cloud analysis, the larger a word is in size, the more frequently it appears in the document. In the example below, "fracture" appeared in high frequency. We determined that many of the TBI and SCI patients had undergone multiple fractures at the time of their injury. This was in keeping the expectation that TBI and SCI patients experience multiple co-morbidities or "polytrauma."
Admission notes:
Discharge notes:
The patient cohort with SCI+TBI had a total of 343 unique International Classification of Diseases, Ninth Edition (ICD-9) codes, confirming the variety of comorbidities in this sample. A histogram of the twenty commonest ICD-9 codes for co-morbidities is shown , 4, 8, 11, 13 NEUROGENIC BOWEL 564.81 1, 4, 7, 8, 9, 10, 11, 12, 13, 14 NEUROGENIC BLADDER NOS 596.54 1, 4, 7, 8, 9, 11, 12, 13, 14 URINARY TRACT INF NOS 599 1, 4, 7, 8, 9, 10, 12, 13 MOVEMENT NEC 781 3, 8, 12, 14 APHASIA 784.3 8, 11, 12, 13 DYSPHAGIA 787.2 1, 4, 8, 9, 11, 12, 13 Patients were coded with a variety of ICD-9 codes, and individual patients were often coded with more than one ICD-9 code for their SCI and also for their TBI. Note that only 13 out of 14 patients had an ICD-9 code that referenced a traumatic brain injury, and only 11 out of 14 patients had an ICD-9 code that referenced a spinal cord injury.
This indicates that using ICD-9 codes to search hospital records for patients with TBI, SCI, and both TBI and SCI is not a sufficient search strategy to identify all such patients. The search strategy actually used to identify these patients identified individuals who would have not have been found merely by searching for appropriate ICD-9 codes.
We extracted demographic data of the TBI and SCI patients in the database to provide a targeted analysis that would provide essential information for further hypothesis testing. The analysis below includes age, gender, etiology of injury, number of days until admission into rehab, length of stay in rehabilitation, and Glasgow Coma Scale (GCS). In addition, the database includes data on injury specifics, surgical procedures, diagnostic findings, physical and neurological exam findings, and rehabilitation assessment plans. In addition to the various measures included in the database, the majority of the patients (n=9) were also assessed for functional independence at the time of admission and discharge using the FIM All of the patients assessed on the FIM showed low total FIM scores at the time of admission into the rehab facility (27.6 ± 11.0). By the time patients were discharged from rehab (43.1 ± 30.1 days), all but 1 patient had substantial recovery in their FIM scores (75.4 ± 23.7). Unfortunately we did not have any data regarding injury severity for either TBI or SCI for this patient to assess what was contributing to this lack of functional recovery. Despite this outlier, there was an overall significant increase in FIM between admission and discharge in this patient group (p = 0.0017). We also observed a non-significant relationship regarding the correlation of FIM scores and length of stay D is c h a r g e g o a l in rehab. There is a stronger negative correlation for FIM scores at the time of discharge and their total length of stay at the rehab facility (R 2 = 0.62), compared to their FIM scores at the time of admission and how long they stayed in rehab (R 2 = 0.29). Regarding the relationship of injury severity to FIM scores, there is a significant difference between ASIA A and ASIA D severities of SCI both at the time of admission and discharge (p = .047), and both groups show equally significant recovery in FIM over time (p < .0001). However, GCS severities for SCI do not show a significant trend to FIM scores, for either admission (R 2 = 0.13) or discharge (R 2 = 0.003).
Demo
SCI but not TBI severity significantly impacts length of stay in rehab. SCI and TBI severities were assessed with the ASIA and GCS measures, respectively, in comparison to length of stay in rehab to determine which type of injury is a stronger contributor to the time it takes for patients to be discharged. We found a significant increase in the length of stay for ASIA A subjects (71.7 ± 9.3 days) compared to ASIA D subjects (29.0 ±12.2 days, p = 0.02), however there was not a significant difference in length of stay between the different GCS severities either as groups (p = 0.52;, or as a correlation of GCS scores to length of stay (R 2 = 0.05). This is not explained by a higher incidence of severe TBI and SCI occurring together, since there was no significant difference in GCS scores between ASIA A and ASIA D groups (p = .32), and there does not appear to be a significant correlation between the neurological level of SCI and TBI severity (R 2 = 0.26). However, there is a large difference in the distribution of age at time of injury for males versus females. Even though most of the subjects in this cohort were males (71%), as a group they sustained their injuries over many age ranges (39 ± 17 years), whereas females only sustained their injuries at a very young age (19 ± 1.7 years).
The incidence of comorbid conditions in TBI/SCI patients was assessed. ICD-9 codes referenced in the medical records were mined and categorized for their respective conditions (see figure below) . Each condition was quantified for how many patients were diagnosed. The most prominent comorbid condition in these patients was neurogenic bowel (n=10) and bladder (n=9). This was also accompanied by a large number of patients also diagnosed with urinary tract infections (UTI) (n=9), consistent with autonomic dysfunction commonly seen in SCI patients [26, 27] . About half of the patients also developed complications with swallowing (n=7), pressures sores (n=6), and hypertension (n=5), with additional complications associated with infections and neurological complications.
Medications suggest increased depression and infections, decreased pain, and continual constipation during length of stay. Medications referenced in the medical records were quantified for each patient at the time of admission and discharge to determine how many patients were being treated for various comorbid conditions, and how that changed during their length of stay. Most of the patients were treated for constipation at the time of admission (n=10), consistent with the number of comorbid cases of neurogenic bowel (see figure above), and all but 1 patient continued to suffer from this condition by the time of discharge. Almost half of the patients were being treated for depression by the time of discharge (n=6), and even fewer patients being treated for acid reflux, pain, and muscle spasms. Fortunately, most of the patients being treated for pain at the time of admission (n=8) no longer needed to take pain medication at discharge (n=1), and a few patients also no longer needed to be treated for other ailments, including anxiety, ulcers, infections, and other complications that presented at the time of admission.
Word frequency analysis of medical records highlight important information during recovery. We leveraged the admission and discharge notes to determine if additional useful information regarding these patients could be harnessed from word frequency analysis see figure below. There were more total words mined from the admission notes (19,552) than the discharge notes (12,484), and each word cloud is a representation of the percentage each word represents compared to the total words for each group. The four most relevant and frequent words seen in both the admission and discharge word clouds were fracture (1.26% and 1.23%), injury (0.95% and 0.91%), rehabilitation (0.58% and 0.74%) and pain (0.50% and 0.68%), respectively. We also assessed the relative change these top occurring words were being mentioned between admission and discharge to highlight important changes in the state of the patients that may not be obvious from other aspects of the database. The percentages for each discharge word were subtracted from the percentage for the same admission word and a new word frequency cloud was generated from the changes, and color coded to reflect increases (green) and decreases (red). Of these top four words, the mention of rehabilitation (+0.167%) and pain (+0.180%) both increased by the time of discharge. Additional words that increased in frequency that were noticed were the mention of improve (+0.118%), treatment (+0.115%), neurogenic (+0.101%) and hematoma (+0.118%). The most notable decreases in frequency over time were unable (-0.236%), cognition (-0.119%), impaired (-0.096%) and therapy (-0.144%). It was also noted that there was an increase in the mention of admission (+0.218%), and a decrease in the mention of discharge (-0.316%), which seems counter-intuitive at first. However, there may have been discussion about plans for discharge when the patient was admitted, and likewise the discharge notes may frequently reference improvements or changes from when they were admitted, and may be disregarded in future analyses.
In summary, we have succeeded in building a clinical TBI and SCI patient database from the Santa Clara Valley Medical Center models system database that details the acute as well as the chronic stage of recovery. We are currently preparing these data for publication (Guandique et al., 2013 in preparation) .
3a2. SCI Service and the Polytrauma Center at VAPAHCS
The strategy used with the Santa Clara Valley records was initially used as a model for extracting data on patients with TBI and SCI in the VA Palo Alto Health Care System, but the considerable differences between these two health care systems necessitated different approaches. The Polytrauma Service at VAPAHCS was founded in 2005, unlike the Model TBI System which has been in operation since 1989. As a result, a search of patients admitted for TBI rehabilitation only identified three patients who also had SCI. The records of patients recently admitted to the VA SCI Service for rehabilitation after acute SCI were therefore searched to identify those with TBI. The full text of all notes on these patients were searched for phrases such as "TBI" and "GCS," and the context of these phrases was examined to determine the way they were used (for example, excluding patients in which the notes recorded that "TBI was ruled out"). This search strategy showed that of an initial cohort of the 45 patients most recently admitted to the SCI Service for rehabilitation after acute SCI, ten (22%) had a TBI. As with SCVMC, we found that ICD-9 codes did not provide a reliable search strategy for identifying SCI and TBI patients. To provide an initial overview of medications we produced a medication cloud that tracked duration of all medications prescribed during admission for acute rehabilitation. A medication cloud is shown for both a SCI patient and a TBI + SCI patient to provide a brief visualization of medications that were administered and their duration. Note the greater numbers of medications used in the Dual Diagnosis patient. SCI+TBI patient at VA SCI only patient at VA A database of patients with spinal cord injuries or disorders currently served by the Spinal Cord Injury Service of the VA Palo Alto Health Care System was searched for patients who had been admitted for initial rehabilitation or subsequent care during the period October 1st 2010 to October 19th 2012. The electronic medical records of these patients in the VA Computerized Patient Record System were then searched for any reference to traumatic brain injury. The search strategy included examining the list of Active Problems and searching the text of all Notes electronically for any of the following text phrases: "TBI", "brain injury", "brain trauma", "head injury", "head trauma", "loss of consciousness", "LOC", "CVA" or "cognitive". When any of these words or phrases were found, their context was examined to determine whether the patient did indeed have a history of traumatic brain injury and its relationship in time to the spinal cord injury. Every note from the SCI Psychologists includes a section on cognitive functioning that was identified by this search; each of these notes was then read to determine whether there was cognitive impairment and whether it was attributable to the TBI or to other conditions. Other information was also extracted, such as age, gender, cause of SCI damage, and level and completeness of the spinal cord lesion.
701 patients with spinal cord injury or disorder were identified as having been admitted to the SCI Service either for initial rehabilitation or subsequent care, during a period of just over two years between October 1st 2010 and October 19th 2012. Of these, 675 were male and 26 were female, as is typical in the veteran population with SCI. 409 were identified as having sustained traumatic SCI and 292 as having non-traumatic SCI. The prevalence of concurrent TBI in SCI patients in this retrospective study when averaged over six decades (24.2%) is similar to figures from the SCI Model Systems reported in 1995 (28.2%), but lower than figures from a prospective study in a single SCI Model System reported in 2008 (60%). SCI Model Systems tend to admit younger patients with a higher proportion of women, sometimes sooner after injury, However, the prevalence recorded in this study has increased significantly over this period.
There are several possible reasons for the increase in numbers of veterans with traumatic SCI recorded in this study as having a concurrent TBI, from less that 12% before 1980 to at least 40% since 2001. a. military activity In recent years, traumatic head injury has been described as the signature injury of military action in the Middle East, and it might be hypothesized that this has increased the number of SCI patients with TBI. However, patients whose SCI was caused by gunshot wound or shrapnel showed a much lower prevalence of TBI in this study, presumably because the missile struck either the spine or head but rarely both, and in recent conflicts the use of body armor appears to have greatly reduced the incidence of spinal cord injuries. It is well known that during active military duty many injuries are caused not in combat but by other forms of trauma such as motor vehicle accidents. In this study, while 30% of concurrent injuries occurred during active military duty, the majority of these occurred during transport by road or air. Only one was due to shrapnel and one was due to a rocket propelled grenade and none were due to gunshot. Only seven of 99 concurrent injuries occurred during combat: two occurred in motor vehicle accidents, three in flying accidents, only one was due to shrapnel and none to gunshot. It seems likely therefore that the contribution of military combat to increasing records of concurrent SCI and TBI is small.
b. improved documentation The computerized Patient Record System was introduced in 1995. Patients injured before this time have their current medical records entered into this system but the records of their medical history before this time are heavily dependent on their memory, which can be impaired by head injury, and on being asked about the possibility of past head injury.
c. improved awareness Awareness of head injury in military personnel has increased during the last two decades, and this has led to increased screening in the Department of Defense and in the Department of Veterans Affairs. Psychologists working in SCI units are usually aware of this, but other staff, including medical residents in training who may do much of the documentation, may be less aware of the possibility of head injury and less skilled in diagnosing it. Traumatic SCI usually has obvious symptoms and signs and is therefore relatively rarely missed, and major TBI is rarely missed. When both are present, management is usually assigned to either a SCI Unit or a TBI Unit, depending on the relative severity of the two injuries. Ideally the staff of such units would collaborate in the management of such patients. In practice, SCI Units and TBI Units may not be located in the same institution, and even when they are, they often have different cultures and collaboration may be limited. In practice each unit will concentrate on the injury it knows best, and the other injury may not receive state-of-the art attention. Less severe TBI can be missed, particularly in patients with multiple and life-threatening injuries who may be in shock, undergoing emergency surgery, sedated, or on a ventilator. When they are stabilized, their management will depend somewhat on the service to which they are transferred, and on its awareness of the possibility of concurrent injuries. Identification of TBI in records of patients with SCI in this study was inconsistent. It might be thought that this was because the head injury was mild in this series of patients, but Table 4 shows that over 50% of the veterans with concurrent TBI and SCI were identified as having cognitive impairment. This is similar to the percentage found in SCI patients treated in the Model SCI Systems of Care. While cognitive impairment can be due to causes other than TBI in these patients, it remains important to identify whether they have had a TBI. In the case of patients with mild TBI, it might have been argued in the past that they did not suffer greatly from delayed or absent documentation of it, but there is now increased interest in the unknown long term effects of mild and repeated TBI on conditions such as Parkinson's disease and dementia. The fact that the VA follows patients with SCI for life offers an opportunity to study the relationship between these conditions. The use of an electronic medical record in the VA has had many advantages, but it may be necessary to structure the collection and recording of some information in a more consistent way that could be implemented in a national system of care. Screening of SCI patients for TBI during their initial rehabilitation would help to avoid missing the diagnosis of TBI. If TBI resolves there is no way to identify it subsequently other than history from the patient, collaterals and prior medical reports. Screening will need to be done after patients are stabilized on medications for pain and spasticity since they are known to affect cognitive functioning until patients accommodate to them.
Patients will also need to be clear of delirium from surgical anesthesia, UTIs and other SCI complications. In many cases it will be impossible to distinguish TBI from depression, PTSD and/or anxiety, so diagnosis will be delayed until psychiatric symptoms are adequately treated. These are some of many reasons for providing adequate time for rehabilitation rather than discharging patients as soon as they can survive. Fortunately adequate admission time is standard practice in VA. The PrOMOTE research project currently being carried out in the VA to study the effect of a more comprehensive approach to vocational rehabilitation is using detailed interviews of veterans in which they are asked about any prior history of head trauma. Of the first 100 SCI patients in the VA Palo Alto SCI Service to undergo these interviews, 70% reported having had a head injury, although not necessarily concurrently with their SCI. (Elspas -personal communication). It is possible therefore that the prevalence of 40-45% reported in this paper is still an underestimate, so there may still be a significant number of veterans in whom TBI has not been diagnosed. The causes of SCI in veterans with concurrent TBI resemble the causes seen in the civilian population. It would be of interest to determine comparable figures for the civilian population, particularly as electronic medical records are being adopted. This could best be done within the SCI Model Systems, even though only a minority of US civilians with SCI receive their care in this system and it may have a higher proportion of patients with severe spinal cord injuries than in the population treated outside the SCI Model Systems. Conclusions 1. Documentation of TBI in this population of veterans with traumatic SCI was inconsistent: in patients with both SCI and TBI, the TBI identified by searching the Notes was only recorded among the Active Problems list in the electronic medical record 18% of the time, and was often absent from admission histories and discharge summaries. 2. Records of TBI in veterans with traumatic SCI in this study have increased from less than 12% before 1980 to over 40% since 2001. This may reflect improved documentation and increased awareness, but there may be further cases that are still not being identified. Extrapolation of these figures nationally suggests that there may be a substantial number of veterans whose TBI has not been documented. 3. Improved screening and documentation would help to identify all SCI veterans with TBI and allow appropriate management and long term follow up. In this data pool, approximately 15% had co-occurring TBI. These data were reported, in part, in an abstract presented at the annual Society for Neuroscience meeting in New Orleans (October, 2012) (Inoue et al, 2012) . Patients with complete SCI were more likely to have a lower ASIA score than those with incomplete SCI. The level of injury was predominantly cervical, although a little over a third had thoracic, lumbar or multiple level injuries. Since patients treated at the acute neurotrauma center at SFGH are discharged to rehabilitation centers (including the SCVMC and, rarely, the VAPAHCS, rehabilitation measures are not easily available for this cohort, although we have excellent early data for them. One of the goals is to provide better early care data from the VA and SCVMC cohorts, and better longterm outcome data for the SFGH cohorts.
3b. Comparison of SCVMC, VAPAHCS, and SFGH/UCSF
A patient's rehabilitation outcome is greatly influenced by the amount of time that passes before they are admitted for rehabilitation. We determined the number of days between the date of injury and the date of admission into rehabilitation, and also the length of stay in 55.9 39.7 *Statistically significant difference (T--test, p <.05)
Length of Stay in Rehabilitation
rehabilitation, and compared these between SCVMC and the VAPAHCS hospitals. The analysis is shown below:
Note that the length of stay in rehabilitation is shorter in SCVMC, a civilian hospital, than VAPAHCS, a VA hospital.
The medications provided to Dual Diagnosis patients were compared between these two hospitals. The most common medications prescribed for these patients on admission to rehabilitation at each hospital are shown below: Note that the most common medications were those prescribed for management of the neurogenic bowel (e.g docusate, senna, bisacodyl), together with mild analgesics, antacids and bronchodilators.
We compared this with the medications prescribed at the time of discharge from rehabilitation. The most common medications prescribed on discharge are shown below:
Note that some bowel medications (docusate and senna) are still among the most commonly prescribed, together with mild analgesics and antacids, but albuterol and low molecular weight heparin have been discontinued and the use of baclofen has increased. The most common medications with potential effects on the central nervous system at the time of admission are shown below.
In the third year of the grant, pilot testing with some of these medications in the combined injury animal model was undertaken. We assessed topiramate as our first drug target. In addition, we plan to expand the clinical database to allow more detailed comparison of the SCVMC database with the VAPAHCS database so that both can be mined for hypotheses and refined through our community of practice and research.
Specific Aim 2: Develop baseline incomplete SCI plus mild-complicated and moderate TBI rat protocols and outcomes PI: Michael S. Beattie, PhD Site: UCSF Task 1: Factorial combination studies on SCI+TBI An experimental animal model for combined SCI and TBI was developed to help drive mechanistic studies of dual diagnosis. A manuscript describing this model was published in Experimental Neurology (248:136-147, 2013) . For these studies, rats received a unilateral SCI (75 kdyn) at C5 vertebral level, a unilateral TBI (2.0 mm depth, 4.0 m/s velocity impact on the forelimb sensorimotor cortex), or both SCI + TBI. TBI was placed either contralateral or ipsilateral to the SCI. Figure 1 above Behavioral recovery was examined using a variety of outcome measures including paw placement in a cylinder (forebrain guided exploration), grooming, open field locomotion, and the IBB cereal eating test (object manipulation). Over 6 weeks, in the paw placement test, SCI + contralateral TBI produced a profound deficit that failed to recover, but SCI + ipsilateral TBI dramatically enhanced use of the paw on the SCI side. In the grooming test, SCI + contralateral TBI produced worse recovery than either lesion alone even though contralateral TBI alone produced no observable deficit. In the IBB forelimb test, SCI + contralateral TBI revealed a severe deficit that recovered in 3 weeks. For open field locomotion, SCI alone or in combination with TBI resulted in an initial deficit that recovered in 2 weeks. The performance of sham rats did not significantly differ from pre-injury at any time post-operatively. SCI alone rats showed a profound deficit that recovered to the level of TBI alone rats over 42 days weeks. TBI produced a stable deficit in pawplacement that did not recover over 6 weeks. SCI + contralateral TBI produced a profound deficit that failed to recover over 42 days, showing an almost complete preference for the limb contralateral to the SCI. SCI + ipsilateral TBI rats initially did not use the right forepaw (2 days after the injury) but they then significantly increased right limb use (i.e. ipsilateral to the SCI). (B) SCI + ipsilateral TBI significantly increased ipsilateral forepaw use compared to SCI + contralateral TBI rats 7 days after surgery. (C) SCI + contralateral TBI significantly reduced simultaneous forepawuse compared to sham. (D) SCI + contralateral TBI significantly enhanced contralateral forepaw use compared to both sham and SCI + ipsilateral TBI rats 7 days after surgery. SCI: spinal cord injury, TBI: traumatic brain injury, open circle: significant difference compared to sham group,♢:significant difference compared to SCI group, open box: significant difference compared to TBI group, #:significant difference compared to SCI + ipsilateral TBI group. Fig. 3 (above) . Grooming, paw use (IBB) and open field locomotor performance over time after injury. (A) Both sham lesions and TBI alone did not affect grooming, but rats with SCI (SCI alone and combined SCI and TBI) produced deficits in grooming. Two days after injury, the majority of animals with SCI were only able to touch the bottom of the snout (score of 1), but they remarkably improved from 2 days to 7 days post-injury. Twenty-one days after the injury, only SCI + contralateral TBI rats demonstrated significantly lower grooming scores than sham and TBI only groups (score of 4). Forty-two days after injury, no statistically significant differences between groups were evident. (B) Irvine Beatties Bresnahan (IBB) forelimb scale. (Irvine et al., 2010) . Before the injury, the rats could eat any type of cereal without any deficit in forelimb function (score of 9); but 2 days after the injury, rats with both SCI and TBI showed a significant decrease in ipsilateral (right) forepaw function. Seven days after the injury, only the SCI and SCI + contralateral TBI rats showed deficits in forelimb function. (C) Open field forelimb locomotor test using the Martinez score (Martinez et al., 2009) . Neither sham nor TBI alone affected forelimb locomotor scores, but rats with SCI (SCI alone and combined SCI and TBI) exhibited deficits in locomotor function. Rats with SCI showed severe impairments of forelimb movements and postural abilities at 2 days post-injury but rapidly recovered within the first 7 days. SCI + contralateral TBI rats recovered more slowly than SCI alone and SCI + ipsilateral TBI rats, but finally reached a similar level of motor skills. (D) Openfield hindlimb locomotor test. During the first 7 days after the injury, rats with SCI showed hindlimb deficits, which were mainly characterized by poor stepping. SCI: spinal cord injury, TBI: traumatic brain injury, open circle: significant difference compared to sham group, open square: significant difference compared to TBI group, filled triangle: significant difference compared to SCI + ipsilateral TBI group. Thus, TBI and SCI affected forelimb function differently depending upon the test, reflecting different neural substrates underlying, for example, exploratory paw placement and stereotyped grooming. Concurrent SCI and TBI had radically different effects on outcomes and recovery, depending upon laterality of the two lesions. Recovery of function after cervical SCI was retarded by the addition of a moderate TBI in the contralateral hemisphere, but recovery was markedly enhanced by an ipsilateral TBI. These findings emphasize the complexity of recovery from combined CNS injuries, and the possible role of plasticity and laterality in rehabilitation, and provide a start towards a useful preclinical model for evaluating effective therapies for combine SCI and TBI.
Milestone: This paper ) is included in the appendix.
Specific Aim 3: Test clinic-driven hypotheses for improving outcomes in the dual diagnosis animal model PI: Michael S. Beattie, PhD Site: UCSF Tasks 1-3. Based on the outcomes of the model development studies, we decided to combine Tasks 1-3 by selecting a treatment that has multiple targets. The drug, topiramate, has a variety of properties including anti-epileptic, analgesic and neuroprotective qualities (Angehagen et al, 2003) and is a currently FDA approved agent which makes it potentially available for rapid clinical application. It has been shown to reduce allodynia and hyperalgesia in a pain model of chronic nerve constriction (Benoliel et al, 2006) ; reduce lesion size in stroke models and reduce consequent behavioral deficits as well (refs) We then chose to examine the 50 mg/kg dosing of topiramate (TPM) in a second phase of the experiment, as this dose is frequently used clinically for seizure control. The following six groups were included: 1) sham SCI, sham TBI, TPM treatment (n=3) 2) sham SCI, sham TBI, Saline (n=3) 3) sham SCI, TBI, TPM treatment (n=5) 4) sham SCI, TBI, Saline (n=5) 5) SCI, TBI contralateral to the SCI, TPM (n=8) 6) SCI, TBI contralateral to the SCI, Saline (n=7) The first two groups are treatment and surgical controls; the second two groups have TBI lesions, one with and one without topiramate a treatment, and the 5 th and 6 th groups have a combined injury (i.e. both a SCI and TBI contralateral to the SCI), one with and one without topiramate treatment.
First, we replicated the finding from on the primary outcome measures (grooming, paw placement, and cereal eating), showing a differential effect of lesion condition (TBI alone, and SCI+TBI contra) on grooming and paw placement (both main effects p<0.001).
The treatment with topiramate, however, did not affect recovery of grooming across groups, but grooming was little affected by TBI. Paw placement showed an interesting and unexpected response to the treatment. The illustration below shows paw use for each paw independently (right or left) and together (both) over the 6 week observation period. The right paw is ipsilateral to the spinal cord injury and contralateral to the TBI. Comparing the sham groups (far right 2 groups), one can see that the right and left paw are used independently about equally and both are used about half the time. Introducing a TBI (middle two groups) causes the right paw (contralateral to the lesion) to be used significantly less and the left paw and both paws more. The topiramate treatment exacerbated this effect. The SCI plus TBI showed the greatest effect on the right paw use and the topiramate worsened this slightly. TPM produced a nonsignificant (p =.057) trend for worse recovery pooled across the TBI and TBI+SCI groups on paw placement. The histological analysis for this study is underway. We think that this is a potentially interesting example of what we hypothesized in the grant--a drug therapy that has a beneficial effect and in SCI, but may impair recovery in SCI+TBI.
This study is being prepared for publication (Morioka et al., 2013) . 
Right
Both Left the group continues to meet for this purpose. We will continue to interact for the next three years under the support of the DoD on another award that has similar goals of matching animal models with clinical reality.
KEY RESEARCH ACCOMPLISHMENTS.
• Established a community of practice and research, for the promotion of clinical and basic scientific interaction around the problem of combined brain and spinal cord injury.
• Developed clinical database search strategies and gathered dual diagnosis data showing that combined injuries are frequent and not typically diagnosed as such, resulted in different treatments (e.g. more medications), and had different outcomes than each injury alone.
• Developed a rat model of combined spinal cord injury plus mild-complicated and moderate traumatic brain injury, and used this model for an initial evaluation of topiramate. 
REPORTABLE OUTCOMES
CONCLUSION
This project has accomplished the majority of its tasks for this Translational Research Partnership. We have developed a community of practice and research for SCI and TBI in the San Francisco Bay Area of California and conducted focus groups to determine needs and attitudes of clinicians and others to these diagnoses and the potential for modeling the combined diagnosis in animals. We have queried several databases representing veterans and civilians with TBI and SCI and conducted a preliminary merge of clinical databases available for these diagnoses and developed a search strategy for determining the scope of the problem and the areas of priority for animal modeling. On this basis, a rodent model of combined SCI + TBI has been designed and created by the Principal Investigators at the Brain and Spinal Injury Center at UCSF, and has been used to compare the outcomes of SCI, TBI and combined SCI and TBI in this animal model. We have tested a treatment in this model and have found interesting interactions between the SCI and combined SCI+TBI models. An ongoing collaboration has been established between the Principal and Partnering Investigators to interpret the data being obtained, and to define improved outcome measures and treatment practice information based on both the new animal model of combined injury and the merged databases. A significant proportion (estimates range from 16 to 74%) of patients with spinal cord injury (SCI) have concomitant traumatic brain injury (TBI), and the combination often produces difficulties in planning and implementing rehabilitation strategies and drug therapies. For example, many of the drugs used to treat SCI may interfere with cognitive rehabilitation, and conversely drugs that are used to control seizures in TBI patients may undermine locomotor recovery after SCI. The current paper presents an experimental animal model for combined SCI and TBI to help drive mechanistic studies of dual diagnosis. Rats received a unilateral SCI (75 kdyn) at C5 vertebral level, a unilateral TBI (2.0 mm depth, 4.0 m/s velocity impact on the forelimb sensori-motor cortex), or both SCI + TBI. TBI was placed either contralateral or ipsilateral to the SCI. Behavioral recovery was examined using paw placement in a cylinder, grooming, open field locomotion, and the IBB cereal eating test. Over 6 weeks, in the paw placement test, SCI + contralateral TBI produced a profound deficit that failed to recover, but SCI + ipsilateral TBI increased the relative use of the paw on the SCI side. In the grooming test, SCI + contralateral TBI produced worse recovery than either lesion alone even though contralateral TBI alone produced no observable deficit. In the IBB forelimb test, SCI + contralateral TBI revealed a severe deficit that recovered in 3 weeks. For open field locomotion, SCI alone or in combination with TBI resulted in an initial deficit that recovered in 2 weeks. Thus, TBI and SCI affected forelimb function differently depending upon the test, reflecting different neural substrates underlying, for example, exploratory paw placement and stereotyped grooming. Concurrent SCI and TBI had significantly different effects on outcomes and recovery, depending upon laterality of the two lesions. Recovery of function after cervical SCI was retarded by the addition of a moderate TBI in the contralateral hemisphere in all tests, but forepaw placements were relatively increased by an ipsilateral TBI relative to SCI alone, perhaps due to the dual competing injuries influencing the use of both forelimbs. These findings emphasize the complexity of recovery from combined CNS injuries, and the possible role of plasticity and laterality in rehabilitation, and provide a start towards a useful preclinical model for evaluating effective therapies for combine SCI and TBI. © 2013 Elsevier Inc. All rights reserved.
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Introduction
The coincidence of spinal cord injury (SCI) and traumatic brain injury (TBI) has long been acknowledged in trauma patients and such co-morbidity can present a significant problem for determining the best approaches to clinical management and rehabilitation (Arzaga et al., 2003; Bradbury et al., 2008; Cooper and Ackland, 2005; Davidoff et al., 1985a Davidoff et al., , 1985b Davidoff et al., , 1986 Davidoff et al., , 1988 Hagen et al., 2010; Holly et al., 2002; Iida et al., 1999; Macciocchi et al., 2004 Macciocchi et al., , 2008 Michael et al., 1989; O'Malley and Ross, 1988; Povolny and Kaplan, 1993; Richards et al., 1991; Ricker and Regan, 1999; Soicher and Demetriades, 1991; Sommer and Witkiewicz, 2004; Stambrook et al., 1991; Tian et al., 2009; Watanabe et al., 1999; Wei et al., 2008) . Published incidence rates range from 16% to 74% (Hagen et al., 2010) ; and, in a prospective study, 34% of co-occurring TBIs were mild and 26% were severe (Macciocchi et al., 2008) . TBI complications in military personnel in Iraq are associated with a comorbid incidence of SCI (9.8%) (Bell et al., 2009 ). There is a need to identify factors that limit functional gains as well as a need to develop specific treatment strategies for patients with SCI and TBI, but few specific "dual diagnosis" standards of care are available at present (Arzaga et al., 2003; Ricker and Regan, 1999; Sommer and Witkiewicz, 2004) . The complications associated with "dual-diagnosis" such as cognitive or behavioral dysfunction, are well known in the rehabilitation setting (Arzaga et al., 2003; Ricker and Regan, 1999; Sommer and Witkiewicz, 2004 ), but evidence-based approaches for treatment are lacking. In the clinical setting, mild or moderate TBI is sometimes overlooked in SCI patients because the paralysis is so clinically striking (Arzaga et al., 2003; Ricker and Regan, 1999; Sommer and Witkiewicz, 2004) . In such SCI patients, TBI may first manifest as the inability to learn their rehabilitation protocols or to accomplish functional tasks expected at their level of injury (Arzaga et al., 2003) . These patients may be labeled as having maladaptive psychological reactions or as being non-compliant (Sommer and Witkiewicz, 2004) . The cognitive or behavioral disturbances consequent to the TBI need to be evaluated and treated as intensively as the SCI deficits. Without positive findings on computed tomography (CT) or magnetic resonance imaging (MRI), the screening of either mild or moderate TBI can be often excluded from further, more accurate diagnostic evaluation (Ricker and Regan, 1999) . After the injury, the patient's communication is often compromised by sedation, intubation, or impaired consciousness, and mild or moderate TBI may be misdiagnosed as depression, denial, psychiatric disorders, or intensive care unit psychosis (Ricker and Regan, 1999) .
Currently the clinical management of patients with both SCI and TBI is highly variable as in the rehabilitation phase, patients are often assigned to a rehabilitation unit specializing in either SCI or TBI depending on which injury appears more severe. Rehabilitation of one injury is not necessarily well integrated with rehabilitation of the other, and may be complicated by insufficient understanding of their interaction. Hence, there is a mounting need to advance our understanding of the mechanistic consequences of combined injury. This is especially true given the apparent importance of cortical plasticity in the recovery of function after partial SCI (Kokotilo et al., 2009; Isa, 2009, 2012) . It could be expected that the addition of cortical and other forebrain injury to a SCI might retard recovery by reducing the capacity for cortical plasticity. On the other hand, some studies of unilateral cortical damage, which often occurs in the clinical setting, have suggested that such damage can actually enhance forelimb function by promoting plasticity in the contralateral cortex (Allred et al., 2010; Jones et al., 1996 Jones et al., , 2009 Jones et al., , 2012 .
There is at present no preclinical model of combined SCI and TBI to enhance our mechanistic understanding of the interactions between these comorbidities. Thus, the biological and behavioral effects invoked by concurrent mild, mild-complicated, or moderate TBI in the outcome of SCI are largely unknown. This argues for: 1) capturing more information on concurrent SCI and TBI in clinical practice and in clinical trials, and 2) using this clinical information to guide the establishment of reliable and useful animal models of dual diagnosis. We have formed a translational partnership between basic scientists and clinicians to develop the first animal model of combined brain and spinal cord injury. In this first iteration of that model, we used unilateral contusion lesions of the cervical cord and the somatomotor cortical surface to examine these interactions. Rats were given controlled cortical contusion injury followed immediately by a unilateral cervical spinal cord contusion injury using a balanced experimental design (Fig. 1) . We monitored forelimb behavioral recovery using standardized scales for 6 weeks, and terminal histopathology was characterized. The data revealed novel interacting features of TBI and SCI that emphasize the complexity of these interactions, including a dissociation of apparent retardation and enhancement of recovery from SCI depending upon the laterality of the TBI. This model can now be experimentally probed using clinically relevant therapeutics.
Materials and methods
For the purposes of the current paper the term ipsilateral refers to the side ipsilateral to the SCI (right side of the animal) and contralateral refers to the side contralateral to the SCI (the left side of the animal).
Animals
Female Long-Evans hooded rats (Simonsen Laboratories, Gilroy, CA, USA) with a mean age of 77 days (range; 75-80) and mean weight of 230 g (range: 198-257) were used in this study. Rats were housed individually in plastic cages, maintained on a 12 h light/dark cycle, and had access to food and water ad libitum. All animal experiments were approved by the Institutional Laboratory Animal Care and Use Committee of the University of California at San Francisco and were performed in compliance with NIH guidelines and recommendations. Surgical procedures were carried out aseptically under deep anesthesia induced and maintained by inhalation of isoflurane (IsoFlow, Abbott Laboratories, North Chicago, IL, USA; 2-3%), and anesthetic plane was monitored using withdrawal to foot pinch. Animals were administered cefazolin (Ancef, Novation, LCC, Irving, TX) 25 mg/kg, prior to surgery and for 3 days postoperatively. Lacrilube ophthalmic ointment (Allergan Pharmaceuticals, Irvine, CA, USA) was applied to the eyes prior to surgery and body temperature was monitored using a rectal thermal probe and maintained at 37.5 ± 0.5°C using a heating pad.
Combined injury models
The following experimental groups (see Fig. 1 ) were compared: sham (craniectomy + laminectomy; n = 9), SCI + craniectomy (n = 10), TBI + laminectomy (n = 10), SCI + contralateral TBI (n = 10), SCI + ipsilateral TBI (n = 10). Group comparisons of both initial deficit and long term recovery were made. During surgery, a spinal laminectomy was made first, then a craniectomy, followed by a TBI for those groups with TBI, and then a SCI for those groups with SCI. Due to procedural limitations on transferring animals between the two injury devices, SCI was performed approximately 10 + minutes after TBI in the dual injury groups: SCI + contralateral TBI and SCI + ipsilateral TBI (Fig. 1B) .
Traumatic brain injury (controlled cortical impact (CCI)) injury model
We used a well-validated controlled TBI device that has been described in detail elsewhere (Dennis et al., 2009; Igarashi et al., 2007; Lu et al., in press ). Briefly, the rats were mounted in a Kopf stereotaxic frame under isoflurane anesthesia. A unilateral craniectomy (6.0 mm diameter) was produced in the skull between 3.0 mm posterior and 3.0 mm anterior to bregma and between 1.0 and 7.0 mm lateral to bregma using a high-speed drill. CCI was produced using the electric CCI device with a 5.0 mm diameter impactor with a convex tip (Custom Design & Fabrication, Inc., Sandston, VA), which perpendicularly compressed the curvature of the sensori-motor cortex to a depth of 2.0 mm at 4.0 m/s velocity with a dwell time of 150 msec (Igarashi et al., 2007) . The CCI machine was switched on when the top of the convex tip touched the pia. Contusion is one of the most common manifestations of head trauma in humans (Strich, 1970) , making CCI a valuable and clinically relevant model of TBI. Heart rate and blood oxygenation was monitored with a Mouse Ox ™ pulse-oximeter (Torrington, Connecticut); temperature was monitored and maintained at 37.5°C. The injury sites were closed and the animals were recovered in Thermocare®, Intensive Care Unit with Dome Cover (Thermocare, Inclined Village, NV).
Spinal cord injury model
We used the Infinite Horizon (IH) SCI device (Infinite Horizons, Inc., Lexington KY), which had a special impactor tip that was 2 mm in diameter (Scheff et al., 2003) . Briefly a dorsal midline incision was made, the skin was dissected from underlying fascia, and the trapezius muscle was cut just lateral to the midline from C1/C2 to T2. Underlying muscle layers were blunt-dissected to expose the spinous processes from C3 to T1. A small animal retraction system (Fine Science Tools Inc., North Vancouver, BC, Canada) was used to hold muscle layers apart. A C5, dorsal laminectomy was performed to expose the entire right side and most of the left side of the spinal cord, leaving the dura matter intact. Rats were then secured in place with vertebral clamps at C4 and C6. The impactor rod was centered over the right side of the C5 laminectomy site with the medial edge of the 2 mm impounder aligned on midline to induce a unilateral injury similar to our earlier NYU/MASCIS device unilateral cervical contusion injuries (Gensel et al., 2006; Gruner, 1992; Mihai et al., 2008; Nout et al., 2009) . Peak force was pre-set at 75 kdyn.
Behavioral testing
Behavioral testing was done by two observers blind to the lesion conditions, and rats were videotaped before surgery and at 2, 7, 14, 21, 28, 35 and 42 days after the injury (Fig. 1C) . Motor performance was measured using the paw preference test (Dunham et al., 2010; Gensel et al., 2006; Schallert et al., 2000) , the grooming test (Bertelli and Mira, 1993; Gensel et al., 2006) , locomotion in an open field (Martinez et al., 2009) , and the Irvine, Beatties, Bresnahan (IBB) cereal eating test (Irvine et al., 2010) . All behavioral analyses were conducted by personnel blind to experimental group.
Paw preference test
Animals were placed in a clear plastic cylinder with two mirrors placed at angles such that both sides of the rat were clearly visible. The rats were recorded with a digital camera for 3 min, and slow motion high definition (HD) playback was used to determine the number of the times the animal placed its left, right, or both forepaws against the side of the cylinder during weight supported movements. Individual placements were scored as either "left" or "right" when 0.5 s or more passed without the other limb contacting the side of the cylinder. If both forepaws were used for weight-supported movements within 0.5 s of each other, a score of "both" was given. During lateral exploration, a "both" score was given for every two-step "walking" sequence, during which, both paws changed position on the side of the cylinder. If one paw remained anchored while the other was placed on different parts of the cylinder, no score was given until the anchored forepaw was lifted. Scoring was performed using video playback by trained raters who were blind to experimental condition. Animals were tested before surgery and on day 2, 7, 14, 21, 28, 35 and 42 days after SCI.
Grooming test
This test was originally developed to examine recovery in a rat brachial plexus reconstruction model (Bertelli and Mira, 1993) and was adapted for cervical SCI by Gensel et al. (2006) . Animals were placed in a clear plastic cylinder with two mirrors placed at angles such that the rat's head was always clearly visible. Cool tap water was applied to the animal's head and back with soft gauze prior to placing the animal in the cylinder, and the animal was recorded with a digital camera for 3 min. Slow motion HD playback was used to score each forelimb independently to identify the maximal contact made while performing any part of the grooming sequence. A six-point scoring system was used in which 0 indicates the animal is unable to contact any part of the face or head; 1 indicates the animal's forepaw makes contact with the underside of the chin and/ or mouth area; 2 indicates the animal's forepaw contacts the area between nose and eyes, but not the eyes; 3 indicates the animal's forepaw contacts the eyes and the area up to, but not including, the front of the ears; 4 indicates the animal's forepaw contacts the ears, but not the area of the head behind the ears; and 5 indicates the animal's forepaw contacts the area of the head behind the ears. Animals were tested at 2, 7, 14, 21, 28, 35 and 42 days after injury.
Irvine, Beatties, Bresnahan (IBB) forelimb rating scale
Skilled forelimb function was assessed using an updated version of the IBB cereal eating test as described in Irvine et al. (2010) . Briefly, rats were individually placed in their home cages and given spherical-and doughnut-shaped pieces of cereal that were of a consistent size and shape prior to the initiation of eating; rats were not scored when eating cereal pieces that were broken prior to testing initiation. Each trial was recorded to allow slow motion HD playback and evaluation of paw use. Videos of animals eating the cereal were evaluated using standardized scoring of common forelimb behaviors (including joint position, object support, digit movement and grasping technique) used while consuming both cereal shapes. An IBB score was assigned using the 10 point (0-9) ordinal scale for each shape, and the highest score i.e. the one reflecting the greatest amount of forelimb recovery, was assigned.
Open field locomotor test
The forelimb and hindlimb locomotor deficits were assessed during spontaneous locomotion using an open-field scoring derived from the Basso, Beattie and Bresnahan (BBB) scale (Basso et al., 1996) and designed for an accurate evaluation of the behavioral consequences of cervical SCI (Martinez et al., 2009 ). Rats were tested in pairs for a 4 min period in a circular plexiglas arena (95 cm diameter, 40 cm wall height) with an anti-skid floor. Open field locomotor function was assessed by two examiners, who consulted with one another to complete a scoring grid that gave a forelimb and hindlimb functional score to each animal in each session. Behavioral deficits affecting the limbs ipsilateral to the cervical SCI were categorized by evaluating the articular movement amplitude, weight support, fine distal positioning and stepping abilities. The scaling grid yielded final scores (maximum grade, 20) for the affected forelimb and hindlimb.
Histopathological analysis
At 42 days after surgery, animals were anesthetized with xylazine (TranquiVedTM, Vedco Inc., St. Joseph, MO; 10 mg/kg IP) and ketamine (ketamine HCl, Abbott Laboratories, N. Chicago, IL; 80 mg/kg IP), and transcardially perfused with 0.9% NaCl and 4% paraformaldehyde in phosphate-buffered saline (PBS). Brains and spinal cords were postfixed in 4% paraformaldehyde for 2 h and then cryoprotected in 30% sucrose in PBS for 48-72 h (until the tissue sank). The tissue was frozen at 80°C until further analysis. The brains were sectioned transversely on a cryostat at 30 μm, and spinal cords at 20 μm. Sections were stained with hematoxylin and eosin. The remaining spared area of the brain at the epicenter, and at 2.5 mm anterior and 2.5 mm posterior from the center were calculated as a proportion of the ipsilateral brain at the each section. For the spinal cord, the remaining spared areas were measured as a proportion of the ipsilateral hemi-cord areas at the lesion epicenter. Areas of tissue damage were determined by the presence of large cystic cavities, aggregates of microcysts in the white matter, and dense gliosis. Motor neuron loss was assessed by counting large ventral horn motor neurons in sections 120 μm apart through 1.2 mm of cord centered on the lesion epicenter (10 sections per animal). All cells in the ventral horn ranging from 30 to 70 μm in diameter with a discernable nucleolus were counted.
Statistical analysis
Quantitative behavioral data and histopathological measurements are reported as mean ± standard error (SE) for each injury group. Factorial repeated measures analysis of variance (ANOVA) was used to analyze all behavioral data. For analyses that compared ipsilateral and contralateral limbs in the same animal, both time and limb were treated as repeated measures. The null hypothesis was rejected at α = 0.05. Significant differences identified by the ANOVA were isolated using the Tukey's procedure for pairwise multiple comparison post-hoc test on group means in accordance with highly-cited best-practices from the statistical literature, (Keppel and Wickens, 2004) . Spearman correlation was used to assess the relationship between behavior and histology. All statistics were performed with SPSS v.19 (IBM).
Upon publication of these primary data, all data will be entered into an NIH-supported centralized preclinical spinal cord injury database repository for later inclusion in advanced multivariate meta-analytic studies by the SCI research community .
Results
General health
All animals survived the full 42 days duration of the study. Subjects showed no obvious respiratory distress or bladder dysfunction at any time post injury and easily accessed water and food. There was a slight drop in body weight after surgery but this recovered in all groups by post-op day 14, and no animals dropped below 90% of pre-operative body weight during the post-operative period. No differences between groups were observed.
Behavioral results
All behavioral results are depicted over time (Figs. 2-4) , and the full set of behavioral outcomes are shown as collapsed means in Fig. 4 .
Paw placement test
The results on paw placement in the cylinder are shown in Fig. 2 , and are reported as a percentage of either ipsilateral (right), contralateral (left), or simultaneous versus total paw placements. Some animals showed slight postural instability, but this did not inhibit their ability to explore the cylinder. Pre-operatively, all animals used both paws simultaneously for the majority of weight supported wall movements in the cylinder (percentage of simultaneous vs. total placements 53.1 ± 1.7%; mean ± standard error of the mean (SEM)), and there was no significant overall preference for the use of either limb independently (left vs. total placements = 23.4 ± 1.4%; right vs. total 23.5 ± 1.5%; mean ± SEM).
The effects of SCI, TBI and the combination of these injuries is shown in Fig. 2 . Simultaneous paw placements are shown in Fig. 2C , whereas independent ipsilateral (i.e. ipsilateral to the SCI, hence right) and contralateral (left) placement proportions are shown in Fig. 2B and D respectively. As can be seen in Fig. 2A , the patterns of recovery of paw use following the various lesions differed between groups. Use of the paw contralateral to the SCI (i.e. the left paw, solid bars in Fig. 2A ) increased after SCI alone, TBI alone and especially after SCI + contralateral TBI. This additive effect is also evident in Fig 2D; compare SCI alone (brown line) to TBI alone (green line) to SCI + contralateral TBI (red line). Use of the paw ipsilateral to the SCI was almost abolished by the combined lesion ( Fig. 2A gray and white, SCI + contralateral TBI; Fig. 2B, red line) . Interestingly, adding an ipsilateral TBI to the SCI, reduced use of the left paw to near normal by week 1 following injury ( Fig. 2A, black bars; Fig. 2D : compare the blue [SCI + ipsilateral TBI] and yellow [Sham] lines). And, independent and simultaneous use of the paw ipsilateral to the SCI (i.e. right forepaw) returned to a more equal balance with the left forepaw after injury ( Fig. 2A , gray and white bars respectively; Fig. 2B blue line) .
Statistical analysis of the scored results revealed a differential pattern of effects on the ipsilateral and contralateral limb, confirmed by 3-way, double repeated measures ANOVA (effect of injury condition with limb and time as repeated measures), F = 6.08, p b 0.001. Follow-up, 2-way repeated ANOVAs were performed for each limb separately. For the contralateral (left) paw placement data (Fig. 2D) , a mixed repeated measures ANOVA revealed a significant main effect of injury condition, F = 43.29, p b 0.0001. In addition there was a significant effect of time and a time by injury condition interaction, all F = 7.39, all p b 0.0001. A posthoc Tukey's on the group means revealed that SCI + contralateral TBI was higher than either single injury group (p b 0.05; Fig. 4A ). For the ipsilateral (right) paw placement data (Fig. 2B) , mixed repeated measures ANOVA revealed a significant main effect of injury condition, F = 18.52, p b 0.0001. In addition there was a significant effect of time and a time by injury condition interaction, both F > 2.92, p b 0.0001. A Tukey's post hoc test on the group means revealed that SCI + ipsilateral TBI had less lateralization of function (A-D) The performance of sham rats did not significantly differ from pre-injury at any time post-operatively. SCI alone rats showed a profound deficit that recovered to the level of TBI alone rats over 42 days weeks. TBI produced a stable deficit in paw placement that did not recover over 6 weeks. SCI + contralateral TBI produced a profound deficit that failed to recover over 42 days, showing an almost complete preference for the limb contralateral to the SCI. SCI + ipsilateral TBI rats initially did not use the right forepaw (2 days after the injury) but they then significantly increased right limb use (i.e. ipsilateral to the SCI). (B) SCI + ipsilateral TBI significantly increased ipsilateral forepaw use compared to SCI + contralateral TBI rats 7 days after surgery. (C) SCI + contralateral TBI significantly reduced simultaneous forepaw use compared to sham. (D) SCI + contralateral TBI significantly enhanced contralateral forepaw use compared to both sham and SCI + ipsilateral TBI rats 7 days after surgery. SCI: spinal cord injury, TBI: traumatic brain injury, ○: significant difference compared to sham group, ♢ :significant difference compared to SCI group, □:significant difference compared to TBI group, ▲:significant difference compared to SCI + ipsilateral TBI group. than the other injuries (p b 0.05; Fig. 4B ). Analysis of the raw response numbers demonstrated that the SCI + ipsilateral TBI had a significantly lower overall number of responses than SCI alone, p b .05; no other group differences were significant, p > .05 ( Supplementary Fig. 1 ). To test the extent to which the change in overall response number influenced the lateralization results we used analysis of covariance (ANCOVA) to correct for total response number. Response number was not a significant covariate for either right or left paw preference, both p > .05, indicating that response number did not significantly influence the results (Supplementary Fig. 2) . Together, the statistical results indicated that both SCI and contralateral TBI produced a lateralization of paw preference that was additive in the combined injury condition. However, subjects with SCI + ipsilateral TBI had a more balanced ipsilateral and contralateral forelimb use.
Grooming test
All animals showed normal grooming with the contralateral (left) forelimb at all time-points post-injury (data not shown). TBI alone did not affect grooming performance (Fig. 3A , green line), but rats with SCI (either SCI alone or combined SCI and TBI) showed significant deficits in grooming (Fig. 3A , brown, red and blue lines). Two days after injury, the majority of animals with SCI were only able to touch the bottom of the snout (score of 1), but improved from day 2 to 7 post-injury (SCI alone, 4.2 ± 0.28, SCI + contralateral TBI, 3.6 ± 0.30, SCI + ipsilateral TBI; 4.1 ± 0.23; mean ± SEM). By twenty-one days after the injury, only the SCI + contralateral TBI group exhibited sustained deficits in the ability to groom (SCI + contralateral TBI, 4.0 ± 0.33; mean ± SEM). Fig. 3 . Grooming, paw use (IBB) and open field locomotor performance over time after injury. (A) Both sham lesions and TBI alone did not affect grooming, but rats with SCI (SCI alone and combined SCI and TBI) produced deficits in grooming. Two days after injury, the majority of animals with SCI were only able to touch the bottom of the snout (score of 1), but they remarkably improved from 2 days to 7 days post-injury. Twenty-one days after the injury, only SCI + contralateral TBI rats demonstrated significantly lower grooming scores than sham and TBI only groups (score of 4). Forty-two days after injury, no statistically significant differences between groups were evident. (B) Irvine Beatties Bresnahan (IBB) forelimb scale. (Irvine et al., 2010) . Before the injury, the rats could eat any type of cereal without any deficit in forelimb function (score of 9); but 2 days after the injury, rats with both SCI and TBI showed a significant decrease in ipsilateral (right) forepaw function. Seven days after the injury, only the SCI and SCI + contralateral TBI rats showed deficits in forelimb function. (C) Open field forelimb locomotor test using the Martinez score (Martinez et al., 2009) . Neither sham nor TBI alone affected forelimb locomotor scores, but rats with SCI (SCI alone and combined SCI and TBI) exhibited deficits in locomotor function. Rats with SCI showed severe impairments of forelimb movements and postural abilities at 2 days post-injury but rapidly recovered within the first 7 days. SCI + contralateral TBI rats recovered more slowly than SCI alone and SCI + ipsilateral TBI rats, but finally reached a similar level of motor skills. (D) Openfield hindlimb locomotor test. During the first 7 days after the injury, rats with SCI showed hindlimb deficits, which were mainly characterized by poor stepping. SCI: spinal cord injury, TBI: traumatic brain injury, ○: significant difference compared to sham group, □: significant difference compared to TBI group, ▲:significant difference compared to SCI + ipsilateral TBI group. Statistical analysis revealed a differential effect of TBI and SCI on grooming. A 2-way mixed repeated measures ANOVA revealed a significant main effect of injury condition, F = 11.40, p b 0.0001. In addition there was a significant effect of time and a time by injury condition interaction, both F > 9.77, p b 0.0001. A posthoc Tukey's performed on the group means revealed that Sham and TBI alone were better than SCI alone, SCI + contralateral TBI, and SCI + ipsilateral TBI groups (p b 0.05; Fig. 4D ), but the groups with SCI did not differ from each other. The results confirm that SCI, but not TBI produced a deficit on the grooming task.
Irvine Beatties Bresnahan (IBB) forelimb scale
The IBB cereal eating test was employed to evaluate injury effects on skilled forelimb function and digital control (Irvine et al., 2010) . After injury while eating either the doughnut or spherical shaped cereals, the impaired forelimb was engaged for food manipulation. At 2 days after the injury, both SCI and TBI alone produced a significant impairment in ipsilateral (right) forepaw function compared to sham injuries (Fig. 3B) .
Statistical analysis confirmed these effects. A 2-way mixed repeated measures ANOVA revealed a significant main effect of injury condition, F = 15.74, p b 0.0001. In addition there was a significant effect of time and a time by injury condition interaction, all F = 6.90, all p b 0.0001. A posthoc Tukey's test performed on the group means revealed that SCI + contralateral TBI was significantly worse than all groups (p b 0.05), except for SCI alone (p = .14) (Fig. 4E) . To test for transient deficits, we performed further post-hoc testing of early time-points. We found that rats in the SCI + contralateral TBI group had significantly poorer ipsilateral forepaw use than the SCI + ipsilateral TBI group on 2 and 7 days after injury. The SCI alone group fell consistently between the SCI + contralateral TBI and SCI + ipsilateral TBI groups, but only differed significantly from the SCI + contralateral TBI group on 7 days after injury (Fig. 3B ).
Forelimb and hindlimb open field locomotor tests
To evaluate forelimb and hindlimb locomotor function we used the scaling system described by Martinez et al. (2009) . TBI alone affected neither forelimb nor hindlimb locomotor tests, but rats with SCI (SCI alone and combined SCI and TBI) had locomotor deficits. Qualitative patterns were as follows:
1. Forelimb function recovery. Rats with SCI showed severe impairments of forelimb movements and postural abilities at 2 days postinjury (Fig. 3C) . The injuries lead to a flaccid paralysis of the forelimb, characterized by a lack of movements of the distal joints and restricted movements of the proximal ones. These impairments resulted in a lack of postural support. Rats with SCI alone exhibited the most prominent and rapid recovery of the affected forelimb locomotor abilities within the first 7 days. SCI + contralateral TBI rats recovered more slowly than SCI alone and SCI + ipsilateral TBI rats, but all recovered. Statistical analysis confirmed these results. A 2-way mixed repeated measures ANOVA revealed a significant main effect of injury condition, F = 16.44, p b 0.0001. In addition there was a significant effect of time and a time by injury condition interaction, both F > 14.74, all p b 0.0001. Posthoc Tukey's test of the group means revealed that Sham and TBI alone groups performed better than SCI alone, SCI + contralateral TBI, and SCI + ipsilateral TBI groups (p b 0.05; Fig. 4F ). 2. Hindlimb function recovery. During the first 7 days after the injury, rats with SCI showed moderate hindlimb deficits, which were mainly characterized by poor stepping (Fig. 3D) . Rats with SCI alone (19.1 ± 0.88, Martinez scale) and SCI + contralateral TBI (19.0 ± 0.38. Martinez scale) showed a similar pattern of loss and recovery. SCI + ipsilateral TBI produced significantly better recovery than SCI + contralateral TBI rats within the first 7 days (p b 0.05), and also recovered slightly but not significantly better than SCI alone (p > 0.05). A 2-way mixed repeated measures ANOVA revealed a significant main effect of injury condition, F = 8.43, p b 0.0001. In addition there was a significant effect of time and a time by injury interaction, both F > 4.76, all p b 0.0001. A posthoc Tukey's test on the group means revealed that the SCI + contralateral TBI group were worse than Sham, TBI alone, and SCI + ipsilateral TBI groups (p b 0.05). The SCI alone was worse than TBI alone and sham groups (p b .05).
Histological outcomes
Spinal cord and brain lesion extents are depicted for the median size of the lesions with TBI (Fig. 5A ) and the groups with SCI (Fig. 5B ). There were no statistically significant differences in the size or location of the lesions between injury groups. Statistical analysis of the TBI histology at lesion epicenter using oneway ANOVA and Tukey's posthoc tests revealed that the TBI alone, SCI + ipsilateral TBI and SCI + contralateral TBI + groups had lower brain sparing than either SCI or sham groups, F = 44.75, p b .0001. The size of the TBI lesions did not differ between groups with TBI, all p > .05 (Fig. 5C ). Analysis of spinal cord sparing using oneway ANOVA and Tukey's posthoc tests showed a significantly lower sparing in SCI alone, SCI + ipsilateral TBI, and SCI + contralateral TBI relative to TBI alone and sham, F = 44.03, p b .0001. However there were no significant differences between the groups with SCI, all p > .05 (Fig. 5D) . Analysis of motor neuron number was performed by 2-way repeated measures ANOVA (distance from epicenter as a repeated measure). Motor neuron counts throughout the extent of the lesion are shown in Fig. 5E . Groups with SCI also showed significant effect of group by distance on motor neuron loss, relative to Sham and TBI groups, F = 6.27, p b .0001 ( Fig. 5E ; SCI groups vs. sham, p b 0.05; SCI groups vs. TBI, p b 0.05).
Behavior and histology
To evaluate the relationship between behavior and histology we used Spearman correlations (Table 1 ). Brain lesion sparing significantly predicted performance on paw preference but not other tasks. Left-sided brain sparing was inversely correlated with left limb use and positively correlated with right limb use. The converse pattern was observed for right-sided brain sparing. In contrast, the right-sided spinal cord injury lesion size did not generate systematic lateralization in the full combined injury dataset correlating with the number of bilateral paw placements but not the left and right limbs individually. It should be noted that spinal cord lesion size correlated with other bilateral outcome tasks, including grooming, IBB, forelimb openfield, and hindlimb openfield performance.
Of the functional measures taken, only the total number of bilateral placements correlated with both brain and spinal cord sparing. In particular left-sided brain sparing and right-sided spinal cord sparing both positively correlated with bilateral paw placement. Together, the correlational analysis reinforces the concept that in combined SCI + TBI, an activated left hemisphere helps compensate laterality in paw preference that is produced by an intact left hemisphere.
Discussion
In light of the clinical evidence that SCI is often accompanied by TBI 'dual diagnosis' (Macciocchi et al., 2008) , the principle purpose of the present study was to begin the development of a rat preclinical model of combined TBI and SCI. For practical reasons as well as experimental design concerns, we chose to employ a wellcharacterized unilateral cervical contusion injury (Gensel et al., 2006) and a controlled cortical impact injury (Igarashi et al., 2007) . We were able to determine the effects of individual and combined injuries on a variety of neurological outcome measures focused on forelimb function. In addition, this paradigm revealed a laterality of TBI effect that we suggest reflects underlying dynamic mechanisms of neurological dysfunction that have important implications for repair and rehabilitation after CNS injuries.
Effects of SCI or TBI alone
SCI and TBI alone each produced significant changes in paw placement preference, as predicted from prior work (Gensel et al., 2006; Schallert et al., 2000) . As expected, this occurred ipsilateral to the right-sided SCI only lesion, and contralateral to the CCI-only lesion. The moderate SCIs used in this study produced a profound initial lack of use of the ipsilateral (right) forepaw in the cylinder, but this recovered substantially over the 6 weeks of the post-injury period. The CCI-TBI injury produced somewhat of a lesser decline in paw placement by the right (contralateral to the lesion), but this decline was permanent over the post-operative course. The grooming test showed quite different results. As predicted by prior work (Gensel et al., 2006) , the 75 kdyne IH unilateral cervical injury produced a moderate deficit in the ability of the rats to use their right (ipsilateral) forelimb to reach the back of the head during grooming, and this ability recovered somewhat over the 6 weeks after SCI. CCI-TBI on the contralateral (left) side, which damages cortical and other projections to the spinal cord controlling the right (ipsilateral) forelimb, produced essentially no deficit at all in right sided (or left sided) grooming. Thus, performance on the grooming test must reflect abilities mediated by the circuits damaged by the cervical SCI, but not by those damaged by the CCI-TBI. The IBB cereal test was sensitive to both injuries, and recovered partially after moderate SCI alone, and almost completely after TBI alone. The open field locomotor test was only modestly and transiently affected by either lesion alone. The differences in sensitivity of these outcome measures to SCI vs. TBI, and the differences in degree and rate of recovery, no doubt reflect differences in the neural substrates underlying these behaviors and their recoveries after CNS injury.
Based on substantial evidence for an important role of the forebrain and cortex in mediating plasticity and recovery of function after SCI, we reasoned that a concurrent TBI using the cortical contusion injury method would have deleterious effects on neurological outcome and recovery when compared to SCI alone. In rats receiving a TBI contralateral to the SCI, this rather obvious prediction was strongly supported by the data, although the degree of interaction between TBI and SCI varied depending upon the measure used. A contralateral (left) TBI given at the same time as the right-sided SCI produced a profound reduction in ipsilateral paw placement, with almost all paw placements in the cylinder being made with only the left paw. The combination lesion resulted in a sustained and more significant deficit than either SCI or TBI alone. This is not surprising given the evidence that SCI and CCI produce paw placement deficits by somewhat different mechanisms (i.e. 'lower motor' spinal deficits and 'cortical sensorimotor neglect') (Schallert and Woodlee, 2003) .
In addition, plasticity in cortical/forebrain mechanisms is likely to be involved in mediating recovery of function. While contralateral (left) CCI-TBI injuries alone had no effect on the grooming response, they appeared to retard the time course and degree of recovery from a right-sided SCI (Fig. 4) . Similarly, the combined SCI plus a contralateral CCI-TBI produced an enhanced initial deficit and retarded recovery on the IBB cereal eating measure, and on the initial recovery of the Martinez open-field score. Thus, the addition of a contralateral CCI-TBI appeared to be additive to the SCI-produced deficits for each of the forelimb tests used, but perhaps with different degrees of effects. This all provides additional evidence suggesting that contralateral cortical/forebrain plasticity is involved in recovery of forelimb function after unilateral cervical SCI. Note that there is also evidence for a role of the spared, ipsilateral cortex in recovery after unilateral cervical SCI (Rosenzweig et al., 2010; Strong et al., 2009) .
The initial rationale for including a group with an ipsilateral (right sided) CCI-TBI was to provide a CNS injury control that would evaluate the effects of loss of forebrain-cortical systems not directly involved in the mediation of the movements used to measure recovery. However, examination of the effects of the ipsilateral CCI-TBI on the paw placement measure reveals effects that suggest interactions between the two sides of the brain after unilateral spinal cord or brain injuries. SCI alone results in a nearly complete loss of use of the ipsilateral right paw on day 2, and a recovery on day 7 to less than 20% (combining the independent and 'both' columns, Fig. 2A ). Adding a contralateral CCI-TBI makes this even worse, with almost no recovery over 6 weeks. However, adding a CCI-TBI to the ipsilateral brain results in less of a deficit at 2 days, and a return to a more normal balanced proportion of ipsilateral and contralateral forepaw use by 7 days, continuing until 6 weeks. Thus, the ipsilateral CCI-TBI appears to both reduce the initial SCI deficit and promote equal use of the forepaws compared to SCI alone, while the contralateral CCI-TBI produces a profound worsening of the deficit.
What can explain the apparent release of function by an ipsilateral brain injury? How can additional damage enhance performance and recovery? Inhibitory interactions between ipsilateral and contralateral cortical and subcortical structures have been described in a number of experiments over the years. For example, complete ablation of the striate and extrastriate cortex in cats produces a profound and apparently permanent visual hemianopsia resulting in lack of orientation to visual stimuli in the contralateral visual field. However, ablation of the contralateral superior colliculus 'released' visual orientation immediately, suggesting that the cortical lesion had produced an inhibition of the ipsilateral colliculus that masked the residual capacity for orientation (Sprague, 1966) . Damage to the cortex in humans and animals, induces a 'compensatory reliance' on the ipsi-lesional limb (Jones et al., 2012) . In addition, unilateral cortical damage actually appears to enhance the skilled reaching ability of the ipsi-lesional limb Jones, 2005, 2006; Jones et al., 1996 Jones et al., , 2009 Jones et al., , 2012 Luke et al., 2004) , and this increased motor skill is accompanied by evidence of plasticity, including increased numbers of synapses on neurons in the contra-lesional cortex. Humans with cortical damage, especially on the parietal regions of the right side, exhibit a contralateral spatial inattention (or neglect) that appears to reflect a lack of awareness rather than an inability to see or move on the contralateral side. Whether our results depend upon contralateral inattention or ipsilateral enhancement, or how these effects are related, will require additional experiments. However, it may be reasoned that ipsilateral enhancement and contralateral neglect after cortical lesions or TBI are related by cortical plasticity and synaptogenesis Jones, 2005, 2006; Jones et al., 2009 Jones et al., , 2012 .
Deficits in paw placement in the cylinder have been seen repeatedly with cortical injuries, and have been ascribed to 'sensorimotor neglect' (Schallert et al., 2000) . Thus, cortical TBI lesions by themselves may reduce the use of the forepaw in the cylinder test by reducing the initiation or production of the paw movement without necessarily disrupting the motor apparatus needed to perform the movement. This is in contrast to the complete lack of effect of TBI/cortical damage on the grooming response, which nevertheless recruits activation and coordination of some of the same spinal motoneuron pools and muscles involved in paw placement (McKenna et al., 2000) . The C5 contusion lesion, on the other hand, is located in a position to both reduce motoneuron and spinal circuits directly involved in lifting the limb and partially damages corticospinal and other descending tracts rostral to distal forelimb motoneuron pools, and therefore could be expected to reduce paw placement and grooming function by a combination of effects on both. Both paw placement and grooming show partial recovery after unilateral SCI alone, and this likely reflects reorganization and plasticity at the spinal level as well as in the brain. The release of ipsilateral paw placement by the ipsilateral cortical TBI suggests that the residual capacity for lifting and placing the paws is relatively preserved after the C5 contusion (vertebral level), and that part of the deficit seen after a unilateral cervical SCI alone is due to damage to descending (e.g. corticospinal) fiber tracts. Thus, the superimposition of a contralateral inattention or neglect by the ipsilateral cortical lesion might release, or force, the residual capacity of the partially damaged ipsilateral cord. This view suggests that the cortical lesion is 'dominant' in this particular combination of CNS deficits, and raises the possibility that the release of, or altered balance, of circuits due to combined lesions might in some cases actually provide enhanced recovery. The corollary for rehabilitation strategies is that suppression of activity from unbalanced inputs might be useful for improving function, such as is seen in forced-use protocols after stroke (Willis et al., 2002; Wolf et al., 1989) .
While no studies of concurrent SCI and TBI in rodent models seem to exist, there are a number of relevant studies of sequential lesion effects that also point to important interactions between brain and spinal circuits in recovery (Blanco et al., 2007) . Blanco et al. (2007) measured grip strength after unilateral cervical hemisections or sensorimotor cortex lesions in the mouse. Recovery of grip strength occurred over several weeks after either SCI or cortex lesions (compare to the current data from paw placement or IBB score). Recovery after SCI was reversed by contralateral cortical lesions given 26-28 days after the initial injury, suggesting that the contralateral cortex had compensated for the loss of gripping ability from SCI. Lesions of the cortex ipsilateral to the original spinal hemisection did not reverse recovery of the ipsilateral cord deficit. But unexpectedly, those lesions also did not result in any impairment of grip strength of the contralateral forepaw. Thus, the recovery of function from spinal hemisection had somehow induced the capacity to mediate gripping to either the contralateral cortex or to subcortical (or even spinal) circuits. While these experiments involved sequential lesions that allowed time for compensatory plasticity to occur, the issues of how such a transfer takes place, e.g. through forced practice caused by inability or inattention, are similar to those raised by the current findings. One might speculate that the forced practice of the contralateral forepaw due to disuse of the paw ipsilateral to the spinal hemisection provided activity-dependent plasticity sufficient to free the left forelimb from dependence on cortical inputs.
Other work showing that activity in the non-impaired forelimb may actively suppress recovery of the contralateral impaired limb after cortical damage provides additional evidence for the presence of inhibitory or 'unbalanced' activity-dependent plasticity that might provide a target for suppressive strategies in rehabilitation (Allred et al., 2010; Bury and Jones, 2004) . Indeed, Bury and Jones (2004) provide another example of improving function by inducing CNS damage, in their case, by cutting the corpus callosum to release the contralateral limb from the deleterious effects of activity induced plasticity of the undamaged cortex.
Thus, the concurrent combined injury model investigated in this study provides a first step towards evaluating interactions between TBI and SCI in a preclinical model. While it is acknowledged that purely unilateral CNS traumatic injuries are not common, especially in SCI, this approach has yielded some dramatic evidence of the complexity associated with recovery from dual injuries. Along with previous work on unilateral brain damage and recovery, the findings suggest that therapies for combined injury will need to consider complex interrelations between injuries and treatments to optimize adaptive, and minimize maladaptive, plasticity in recovery (Huie et al., 2012) . Treatments, for example drugs, that positively affect recovery from TBI could adversely affect recovery from SCI, and vice versa, and, the added complication of the problem of balancing inputs after injury provides a strong impetus to continue development of preclinical models to inform clinical practice.
Conclusion
The current study provides strong evidence for complex interactions between SCI and TBI that affect recovery of forelimb function in a model of concurrent combined unilateral injuries in the rat. These data first support the idea that brain damage should exacerbate deficit and reduce recovery after SCI, but add the caveat that balanced activity and potential inhibitory effects of remaining systems will need to be considered in planning for treatments of 'dual diganosis' patients.
Supplementary data to this article can be found online at http:// dx.doi.org/10.1016/j.expneurol.2013.06.006.
